This review focuses on cardiovascular protective effects of insulin-like growth factor (IGF)-1, provides a landscape of molecular mechanisms involved in cardiovascular alterations in patients and animal models with congenital and adult-onset IGF-1 deficiency, and explores the link between age-related IGF-1 deficiency and the molecular, cellular, and functional changes that occur in the cardiovascular system during aging. Microvascular protection conferred by endocrine and paracrine IGF-1 signaling, its implications for the pathophysiology of cardiac failure and vascular cognitive impairment, and the role of impaired cellular stress resistance in cardiovascular aging considered here are based on emerging knowledge of the effects of IGF-1 on Nrf2-driven antioxidant response.
D
ISRUPTION of the insulin/insulin-like growth factor (IGF)-1 pathway increases life span in invertebrates. In mammals, the loss of insulin signaling is lethal, whereas the effects of decreased IGF-1 signaling remain controversial. The current issue of the Journal of Gerontology: Biological Sciences and Medical Sciences is devoted to understanding the role of growth hormone (GH) and IGF-1 in the aging process in humans, resolving controversies existing in the field (1-3). The cardiovascular system is an important target organ for GH and IGF-1. There is evidence that cardiac myocytes, vascular endothelial and smooth muscle cells abundantly express IGF1R and that they are more sensitive to IGF-1 than to insulin (4) (5) (6) . Diseases of the cardiovascular system (including heart failure, myocardial infarction, stroke, vascular dementia, high blood pressure and its complications, aortic aneurysm, peripheral artery disease) are the most common cause of morbidity and mortality among the elderly humans in the Western world, affecting over 80 million Americans (7) . Because of the importance of age-related impairments of the heart and tissue blood supply in organismal senescence in humans, in this review, the effects of the GH/IGF-1 axis on the cardiovascular system are considered in terms of potential mechanisms involved in microvascular protection and cardiac protection in aging.
Cardiovascular Protective Effects of IGF-1: Lessons Learned From Congenital and Adult-Onset IGF-1 Deficiencies
Secretion of GH and, consequently, hepatic production of IGF-1 significantly decline with age both in humans and laboratory animals (8) (9) (10) . Here, we review the evidence obtained in human patients with endocrine IGF-1 deficiencies and animal models that mimic these conditions, which support the concept that IGF-1 exerts protective effects in the cardiovascular system (11) (12) (13) .
Cardiovascular Dysfunction in Patients With IGF-1 Deficiency
Low circulating IGF-1 levels increase the risk for cardiovascular and cerebrovascular diseases in humans.-It is well documented that in human patients, GH deficiency and low circulating levels of IGF-1 significantly increase the risk for cardiovascular and cerebrovascular diseases (14) (15) (16) (17) (18) (19) (20) . In cross-sectional studies, low circulating IGF-1 was found to be associated with angiographically documented coronary artery disease (21) . A prospective nested case-control study of over 600 initially healthy participants who were followed for 15 years demonstrated that lower than normal Translational Article Special Issue on Controversies and Progress in IGF-1 and Aging circulating IGF-1 levels increase the risk of coronary heart disease (22) . This conclusion is supported by another prospective study of 1,185 men and women who were followed up for over a decade, showing that circulating IGF-1 levels predict fatal ischemic heart disease (19) . Moreover, in patients, in the early phase of acute myocardial infarction, low circulating IGF-1 levels predict a worse prognosis (23) . A cross-sectional study of 400 elderly men also documented an inverse correlation between circulating IGF-1 levels and carotid arterial intima-media thickness (24). Most human data also support the concept that normal levels of GH and IGF-1 are important for the maintenance of a healthy endothelial function. In patients with GH-deficiency, flow-mediated endotheliumdependent dilation of peripheral arteries is impaired (11, 25, 26) . There is also a positive correlation between circulating IGF-1 levels and coronary flow reserve (27) .
A significantly increased risk of ischemic stroke was also demonstrated in patients with low circulating IGF-1 levels (28) . Studies on patients with ischemic stroke suggest that high circulating IGF-1 levels are associated with neurological recovery and a better functional outcome (29, 30) . These findings are significant as IGF-1 is known to exert neuroprotective and proangiogenic effects in animal models of stroke when given shortly after the insult (31) . Taken together, the available human data uniformly support the concept that IGF-1 deficiency promotes the development of atherothrombotic diseases (for an excellent overview on the molecular mechanisms underlying the proatherogenic effects of endocrine IGF-1 deficiency, please refer to the review by Higashi and colleagues [1] ).
Cardiovascular alterations in patients with congenital IGF-1 deficiency (Laron syndrome).-Classic
Laron syndrome is congenital IGF-1 deficiency caused by primary GH insensitivity (eg, due to GHR mutations), which is clinically characterized by dwarfism, micropenis, hypoglycemia, convulsions, osteoporosis, craniofacial abnormalities, cognitive impairment, and marked obesity (32) . Anecdotal data suggest that dwarfism may increase risk of cardiovascular diseases. For example, the most famous person with dwarfism, Charles Sherwood Stratton (who performed with the Barnum Circus in the XIX. century under the stage name General Tom Thumb and met both President Lincoln and Queen Victoria), died of stroke at the age of 45. An important recent longitudinal study that followed human Laron dwarfs in Ecuador demonstrated that severe congenital IGF-1 deficiency in humans is associated with a shorter than expected life span (32) and analysis of the known causes of mortality (independent of death related to substance abuse and accidents) in this cohort reveals that almost half died as a result of stroke and cardiovascular disease (32) . The available evidence suggest that untreated Laron dwarf patients have reduced cardiac dimensions and output (but normal left ventricular ejection fraction) at rest and reduced left ventricular contractile reserve following stress, alterations that can be improved by IGF-1 supplementation (33-35). It was suggested that low cardiac output contributes to the decreased exercise tolerance observed in patients with Laron syndrome (36) . IGF-1 treatment was also shown to decrease circulating level of lipoprotein(a), a well-established risk factor for coronary artery disease, in patients with Larons syndrome (37) . Interestingly, a recent pilot study on a relatively low number of patients found that flow-mediated dilation in the brachial artery is within normal limits in non-IGF-1-treated adult patients with Laron syndrome (38) .
Diabetes mellitus is major risk factor for microvascular pathologies, and previous studies suggested that excessive GH secretion associated with acromegaly induces diabetes and promotes the microvascular complications of diabetes (39) (40) (41) . It is well documented that GH deficiency in laboratory animals improves insulin sensitivity (42) , and recent studies clearly demonstrate that the incidence of diabetes mellitus is very low in Ecuadorian Laron dwarf patients (43) . Nevertheless, a recent study by Dr. Laron (44) reports two cases on type 2 diabetes in never-treated Israeli Laron dwarfs, which are associated with proliferative diabetic retinopathy, nephropathy, and subacute ischemic heart disease. These findings suggest that congenital IGF-1 deficiency, similar to GH excess in acromegaly, may also promote microvascular complications of diabetes mellitus.
Cardiovascular Dysfunction in Animal Models of IGF-1 Deficiency
Cardiovascular alterations in GH/IGF-1-deficient Lewis dwarf rats.-The genetically GH/IGF-1-deficient strain of Lewis rats is a useful model of human GH/IGF-1 deficiency, as Lewis dwarf rats have normal pituitary function except for a selective genetic GH deficiency and they mimic many of the pathophysiological alterations present in human GHdeficient patients (including mild cognitive impairment (45) and resistance to development of cancer [46, 47] ). Also, similar to GH/IGF-1-deficient humans, Lewis dwarf rats do not exhibit a longevity phenotype (47) . Importantly, GH/IGF-1 deficiency in Lewis rats significantly increases the incidence of late-life strokes (47) , similar to the effects of GH/IGF-1 deficiency in elderly humans. Arteries of Lewis dwarf rats exhibit reduced glutathione and ascorbate content and increased oxidative stress (48) . Fibroblasts derived from Lewis dwarf rats do not exhibit increased reactive oxygen species (ROS) production demonstrating the importance of circulating factors in generation of this phenotype (49) . Vascular inflammation is upregulated and endothelial dysfunction is more pronounced in arteries of Lewis dwarf rats as compared with vessels of control littermates in response to metabolic stress associated with high-fat diet-induced obesity (50) . Lewis dwarf rats exhibit low GH and IGF-1 levels throughout their entire developmental period. It is significant that short-term peripubertal treatment of GH-deficient Lewis dwarf rats with GH decreases the incidence and delays the occurrence of late-life stroke, which results in a significant (~14%) extension of life span (47) . Lewis dwarf rats exhibit decreased myocyte size, cardiac atrophy, impaired cardiac contractility, impaired diastolic function, and reduced calcium responsiveness of the myofilaments (51) (52) (53) (54) , which extend previous findings of cardiac atrophy and impaired cardiac performance in humans with GH/IGF-1 deficiency. After induction of myocardial ischemia, Lewis dwarf rats fail to develop compensatory hypertrophy of the noninfarcted posterior wall, which exacerbates the loss of myocardial function (55) . These findings are congruent with the results of early studies on hypophysectomized rats, showing that GH was necessary for a normal compensatory hypertrophic response following experimental aortic constriction (56) (57) (58) .
Cardiovascular alterations in GH/IGF-1-deficient Ames dwarf mice and Little mice.-In Ames dwarf mice (Prop1 df/df , which exhibit multiplex endocrine defects, including prolactin and TSH deficiency), low circulating GH and IGF-1 levels are associated with impaired expression of antioxidant enzymes and eNOS in the vasculature, leading to increased vascular oxidative stress and endothelial dysfunction (59) . IGF-1 has been repeatedly shown to regulate angiogenic processes, and, as expected, GH/IGF-1 deficiency was shown to be associated with abnormal microvascular development in the tibial proximal epiphysis in Snell dwarf mice (Pit1 dw/dw , which are phenotypically identical to Ames dwarf mice [60] ).
Similar to Lewis dwarf rats, Ames dwarf mice also exhibit decreased myocyte size and cardiac atrophy (61) and impaired excitation-contraction coupling of the cardiac myocytes (62) . However, there is a paucity of data on cardiac function in Ames dwarf mice in vivo. One important study demonstrated a loss of inotropic and lusitropic response in hearts of young Ames dwarf mice upon administration of dobutamine, indicating an impaired contractile and relaxation reserve (63) . Mitochondrial ROS production is also increased both in the hearts and the vasculature of Ames dwarf mice (59) . Furthermore, Ames dwarf mice also exhibit a faster rate of age-related decline in complex IV activity in cardiac mitochondria than wild-type control mice (64) .
The Little mouse is generated by a missense mutation in the GH-releasing hormone receptor (Ghrhr), but the rest of its pituitary is intact, and, unlike the Ames dwarf mice, it has normal thyroid function. The Little mice have significantly reduced levels of both circulating IGF-1 and GH. Importantly, the cardiac phenotype of the Little mice is similar to that of Ames dwarf mice. Little mice exhibit cardiac atrophy, impaired systolic, and diastolic function ( Figure 1 ) and impaired inotropic response upon administration of dobutamine (65) .
Cardiovascular alterations in mouse models of isolated endocrine IGF-1 deficiency.-Ames dwarf and Snell dwarf mice exhibit complex endocrine defects (ie, chronic GH, TSH, and/or PRL deficiency), and in most animal models, IGF-1 deficiency is present during development, which results in dwarfism, altered metabolism, and/or complex epigenetic changes. Because of the inherent limitations of the aforementioned animal models, it has been realized that the role of IGF-1 deficiency in development of the cardiovascular aging phenotype has to be tested in animals that exhibit isolated endocrine IGF-1 deficiency in a temporarily controlled manner. Liver-specific IGF-1-deficient (LID) mice demonstrate a 75% reduction in circulating IGF-1 levels, but the IGF-1 deficiency is present during development. More recently, a novel mouse model of adult-onset isolated endocrine IGF-1 deficiency has been developed, using adeno-associated viral knockdown of IGF-1 specifically in the liver of postpubertal mice using Cre-lox technology (Igf1 f/f + MUP-iCre-AAV8; [66, 67] ). This model results in a significant isolated decrease in circulating IGF-1 levels (~50%). The available data are consistent with the hypothesis that isolated endocrine IGF-1 deficiency per se can promote the development of an accelerated cardiovascular aging phenotype. Specifically, contractility of cardiac myocytes isolated from liver-specific IGF-1-deficient mice is significantly impaired ([68] ; Figure 2 ). Liver-specific IGF-1-deficient mice also exhibit deficient compensatory hypertrophic response following experimental aortic constriction, which impairs functional adaptation to pressure overload (69) . It should be noted that LID mice exhibit marked glucose intolerance and accelerated development of diabetes, which may also contribute to the deterioration of cardiovascular dysfunction (70) . Isolated IGF-1 deficiency in Igf1 f/f + MUP-iCre-AAV8 mice is associated with dysregulation of Nrf2-dependent antioxidant responses in the vasculature, which promotes the development of marked endothelial dysfunction and endothelial apoptosis in the presence of increased oxidative stress (66) , mimicking the aging phenotype. Disruption of IGF-1 signaling in mice by whole-body knockdown of IGF1R, by endothelial cell-specific knockdown of IGF1R, or by overexpression of IGFBP-1 result in a different vascular phenotype: impaired contractions to phenylephrine, a trend for decreased basal eNOS activation and/or increased insulin-induced NO generation (71) . At present, the mechanisms underlying these discrepancies are not well understood. Mice lacking the IGF1R do not develop a lethal cardiac phenotype, but mice with combined deficiency of the insulin receptor and IGF1R in cardiac muscle develop early-onset dilated cardiomyopathy and die from heart failure within the first month of life despite normal glucose homeostasis (72) .
Role of IGF-1 Deficiency in Development of the Cardiovascular Aging Phenotype
The medical literature is replete with evidence that circulating levels of IGF-1 significantly decline with age both in elderly humans and laboratory animals (for a review, see [3] ), likely due to the significant age-related decline in GH secretion. On the basis of the temporal pattern of changes in circulating IGF-1 levels and development of cardiovascular dysfunction during aging, it is hypothesized that the agerelated decline in circulating IGF-1 is causally involved in the development of aging phenotype in the heart and the vasculature (10) . Here, we review the existing clinical and experimental evidence on the cardiac and microvascular protective effects of IGF-1 in aging in support of this view.
Endocrine Versus Paracrine IGF-1 Deficiency in Aging
It is known that a paracrine IGF-1 system is present both in the vascular wall and the parenchymal tissues in which the vessels are embedded (including the myocardium and the brain), which includes locally produced IGF-1, IGF1R, and multiple binding proteins (41) . There is increasing evidence that circulating (liver-derived endocrine) and locally derived (paracrine) IGF-1 have unique physiological roles (67, (73) (74) (75) (76) (77) (78) (79) (80) (81) . Recent studies demonstrate that the paracrine IGF-1 system confers vasoprotection and cardioprotection (82) (83) (84) and contributes to maintenance of the structural and functional integrity of the microvasculature. The findings that components of the local IGF-1 system are often unaltered in animal models of isolated endocrine IGF-1 deficiency, suggest that the vascular paracrine IGF-1 system cannot compensate for deficiency of circulating IGF-1 (48) .
As noted earlier in this review, circulating IGF-1 levels decline with advancing age in humans as well as in laboratory animals. Previous studies reported that in the heart of F344 rats, there is an age-related downregulation of paracrine IGF-1 and IGF1R expression (85) . Here, we provide evidence that there is a significant age-related decline in paracrine IGF-1 expression in the hippocampus of F344 × Brown Norway (BN) rats ( Figure 3A) , which is associated with hippocampal microvascular rarefaction. The inverse relationship between the age-related decline in expression of paracrine IGF-1 and increases in HIF-1a (a marker of hypoxia, Figure 3A ) accords with the predictions based on the hypothesis that changes in IGF-1 signaling are causally related to hippocampal microvascular rarefaction in aging ( Figure 3B ; [86] ). Moreover, expression of IGF-1 also significantly decreases with age in the cerebral vasculature itself ( Figure 4A ). We predict that alterations in the autocrine IGF-1 system, in addition to the age-related decline in endocrine and paracrine IGF-1, significantly contribute to the age-related phenotypic alterations in the cardiovascular system ( Figure 4B ). In that regard, it is interesting to note that caloric restriction, a prototypical antiaging dietary intervention, was shown to significantly increase cardiac expression of several components of the paracrine-autocrine IGF-1 system, including IGF1, IGF1R, and the insulin receptor (87) . Similar effects of caloric restriction were also observed in rats (88) . Interventional strategies that upregulate both endocrine and paracrine IGF-1 are expected to confer robust cardiovascular health benefits in aging.
Myocardial Protection by IGF-1
The available evidence suggests that IGF-1 signaling confers antiaging cardioprotective effects and that age-related loss of IGF-1 contributes to the development of the cardiac aging phenotype. The antiaging cardiac effects of endocrine and paracrine IGF-1 are likely multifaceted. In aged BN × F344 rats, restoration of IGF-1 levels by long-term GH replacement was associated with a significant improvement of diastolic function (89) . Previous studies also demonstrated that in aged mice, cardiac overexpression of IGF-1 significantly improves cardiomyocyte contractile function (90), attenuates oxidative stress-mediated protein damage, normalizes Ca 2+ homeostasis, reverses age-related alterations in the expression of pro-and antiapoptotic proteins, and decreases the rate of apoptosis (91) . It is also likely that the beneficial effects of IGF-1 on myocardial perfusion also contribute to its cardioprotective effects in aging (see later). Interestingly, IGF-1 overexpression was also shown to rescue diabetes-induced cardiac dysfunction and attenuate oxidative stress (92) and protect from cardiomyocyte death after infarction. Data from the Framingham Heart Study support these experimental findings, showing an inverse correlation between circulating IGF-1 levels and the risk of congestive heart failure in elderly men and women (18) . Successful cardiovascular aging in healthy centenarians is also associated with relatively high circulating IGF-1 levels (93).
Cardiac progenitor cells possess an autocrine/paracrine IGF-1/IGF1R system (94), which promotes their survival and proliferation (95) . Beneficial effects of the IGF-1/ IGF1R system of cardiac progenitor cells include its antioxidant effects, upregulation of telomerase activity, and a delay in replicative senescence (96) . Senescence and death of cardiac progenitor cells are known to increase with age in mice impairing the growth and turnover of cells in the heart (96) . Since myocyte death exceeds the rate of replacement of myocytes from cardiac stem cells, there is a gradual decline in the number of myocytes that eventually lead to heart failure in advanced age (96) . Previous studies report that overexpression of IGF-1 in the mouse heart prevents the age-dependent loss of cardiac myocytes likely by protecting cardiac progenitor cells (96) and protecting the cardiac myocytes from apoptotic cell death (97) (98) (99) . Recent studies reported that IGF-1 tethered to self-assembling peptide nanofibers also improves the recovery of myocardial structure and function in models of myocardial ischemia (94) . These findings are consistent with previous observations that injection of IGF-1 in the damaged heart promotes the migration and homing of cardiac stem cells and facilitates neovascularization (95) . Taken together, therapeutic targeting of IGF-1 signaling pathways combined with stem cell therapies may offer therapeutic opportunities for myocardial rejuvenation in aging. The recent identification of a subpopulation of human cardiac stem cells, which express IGF1R, produce autocrine IGF-1 and show superior therapeutic potential for myocardial regeneration (100) may be an important step toward that direction.
Recent studies demonstrate that expression of a locally acting IGF-1 propeptide (mIGF-1) promotes functional recovery of the heart after myocardial infarction, at least in part, by enhancing SIRT1 expression and increasing cellular oxidative stress resistance (83) . The model used in these studies (cardiac-specific mIGF-1 transgenic mice in which SirT1 was depleted from adult cardiomyocytes in a tamoxifeninducible and conditional fashion) will certainly be useful to test the role of mIGF-1 and SirT1 signaling in cardiac aging in future studies. 
Microvascular Protection by IGF-1
Aging is associated with pathophysiologically relevant functional and phenotypic alterations in the microcirculation, including endothelial dysfunction, oxidative stress, chronic low-grade inflammation, and microvascular rarefaction (for a recent review, refer to [7] ). Our current understanding is that both circulating IGF-1 levels and locally produced IGF-1 contribute to the maintenance of functional and structural integrity of the microcirculation, increasing NO bioavailability, decreasing ROS production, and exerting antiinflammatory, antiapoptotic, and proangiogenic effects. Thus, it is logical to assume that a combined endocrine and paracrine IGF-1 deficiency contributes to age-related microvascular alterations.
Delivery of nutrients, clearance of metabolites, and exchange of gases between the blood and tissues occur almost exclusively in the microcirculation, and adequate blood perfusion via the microcirculatory network is essential for the integrity of tissues and normal organ function. Age-related microvascular rarefaction (reduced number and combined length of small vessels in a given volume of tissue) has been observed in multiple organ systems, including the heart (101), kidney (102) , and the skin (103) . It is thought that the resulting inadequate perfusion contributes to tissue and organ dysfunction in aging. Importantly, as the nervous system ages, there is also a rarefaction of the microvasculature in the hippocampus and other regions of the brain, as well as alterations in the structure of the remaining vessels, which have been causally linked to cognitive dysfunction in the absence of or preceding neurodegeneration in the elderly humans (10, 86, 104, 105) . Agerelated microvascular rarefaction contributes to a decline in regional cerebral blood flow that reduces metabolic support for neural signaling, especially when neuronal activity is high. In addition, aging reduces microvascular plasticity and the ability of the cerebral circulation to respond appropriately to changes in metabolic demand (104) . Recent studies demonstrate that GH supplementation (which significantly elevates circulating levels of IGF-1) substantially increases cortical vascular density in older rats (86) , which is accompanied by a significant improvement of cognitive function (10, (106) (107) (108) (109) (110) . Infusion of IGF-1 was also shown to elicit a significant (~40%) increase in cerebromicrovascular density in the adult mouse brain (111) . Previous studies also demonstrated that aging is associated with microvascular rarefaction in the rat heart (112). Treatment with GH was shown to increase regional myocardial blood flow and capillary density in aged rats (112) .
The mechanisms by which IGF-1 reverses and/or prevents microvascular rarefaction and improves tissue blood supply are likely multifaceted. Apoptosis is an attractive hypothesis to account for age-related microvascular rarefaction. There is evidence that both in laboratory rodents and in nonhuman primates that the percentage of apoptotic endothelial cells significantly increases with age (113) (114) (115) (116) . The available data suggest that impaired bioavailability of NO, increased levels of tumor necrosis factor-a, and/or mitochondrial oxidative stress promote endothelial apoptosis in aging (113, 114) . IGF-1 is known the exert significant antiapoptotic effects in the heart, and it also inhibits oxidative stress-induced apoptosis in cultured endothelial cells, likely by preserving the functional integrity of the mitochondria (117) . Further studies are warranted to test the hypothesis that restoration of endocrine and paracrine IGF-1 signaling in aging would also exert antiapoptotic effects at the level of the microcirculation, preventing and/or reversing microvascular rarefaction.
Another mechanism, which likely contributes to microvascular rarefaction, is an age-related impairment of angiogenesis (118) . IGF-1 is known the exert significant proangiogenic effects, inducing proliferation of brain microvascular endothelial cells in culture through HIF-1a and VEGF, a canonical angiogenic pathway (111) . Using a wide range of animal models of age-related cerebrovascular diseases, it has been confirmed that IGF-1, in addition to its direct neurotrophic effects, exerts angiogenic effects and that it protects the brain from experimental ischemic injury (119) (120) (121) (122) (123) (124) (125) . These experimental findings are consistent with observations in stroke patients that low circulating levels of IGF-1 are associated with a poor outcome, suggesting that endocrine IGF-1 affects the evolution of cerebral infarction (12) . Previous studies also showed that IGF-1 has a significant role in cerebral angiogenesis both during development and in adulthood (20, 111) . Importantly, physical exercise, which is known to increase cerebromicrovascular density in control mice, fails to do so in mice with low serum IGF-1 (111) . Previous studies demonstrated that overexpression of IGF-1 either before or after induction of cerebral ischemia enhances neurovascular remodeling, increasing cerebromicrovascular density, and improves functional outcome in rodent models of ischemic stroke (31, 126) . In contrast, disruption of IGF-1 signaling by an anti-IGF-1 antibody abrogates perilesion microvascular growth in the brain (111) . Further studies are needed to demonstrate that similar beneficial effects can be reached by GH or IGF-1 supplementation or by other pharmacological treatments targeting the microcirculation in elderly humans.
Age-related impairment of endothelial cell turnover due to decreased number and impaired function of endothelial progenitor cells may also negatively affect the microcirculation in aging. Importantly, age-dependent impairment of endothelial progenitor cells was reported to be corrected by the GH-mediated increase in circulating IGF-1 (127) , which likely will exert beneficial effects on the regenerative capacity of the cardiovascular system in the elderly humans. Further support for the view that age-related alterations in endocrine factors adversely affect the function of endothelial progenitor cells comes from recent studies showing that the presence of sera from young rats (which have high IGF-1 levels) in the culture medium improves the function of endothelial progenitor cells isolated from aged rats (128) .
Oxidative stress and decreased bioavailability of NO may be important in microvascular rarefaction. Previous studies have shown that in aging upregulation of NADPH oxidases and increased mitochondrial production of ROS result in significant oxidative stress in the microvascular endothelial and smooth muscle cells (reviewed in [7] ). Age-related oxidative stress and downregulation of eNOS (129, 130) impair the bioavailability of NO, which is likely to contribute to decreased microvascular density. This view is supported by the findings that rodents with genetically impaired NO signaling (131) or treated with NO synthesis inhibitors (132) develop microvascular rarefaction. Several lines of evidence suggest that age-related IGF-1 deficiency may promote vascular oxidative stress and decrease NO bioavailability. First, animal models of IGF-1 deficiency often exhibit increased ROS production and decreased NO bioavailability, mimicking the vascular aging phenotype (48, 50, 59) . Second, treatment of aged rats with IGF-1 was shown to upregulate eNOS and improve bioavailability of NO (133, 134) . IGF-1 treatment has similar effects in mouse models of accelerated vascular aging (77) . Furthermore, in vitro IGF-1 and GH treatment reduce ROS production in cultured human endothelial cells (59) . In addition, IGF-1 can also upregulate eNOS in cultured endothelial cells (59) .
It should be noted that the aforementioned cytoprotective effects of IGF-1 are also likely to contribute to its significant antiinflammatory and antiatherosclerotic action in aging, which is reviewed in detail by Higashi and co-workers (1).
Impaired Cellular Stress Resistance in Aging: Potential Role of IGF-1 Deficiency in Dysregulation of Nrf2
The stress-activated cap'n'collar transcription factor Nrf2 (nuclear factor [erythroid-derived 2]-like 2) is conserved in metazoans and has an important role in regulating the aging process by orchestrating the transcriptional response of cells to oxidative stress (135) (136) (137) . In young animals, activation of the Nrf2 pathway has an essential role in cellular redox homeostasis in the heart and the vasculature, exerting cardioprotective and vasoprotective effects under pathophysiological conditions associated with oxidative stress (138, 139) . One of the hallmarks of aging is a marked age-related increase in the cellular generation of ROS in mammals (114, 130) . Yet, an adaptive Nrf2/ARE-driven antioxidant response fails to manifest in the aged vasculature (140, 141) . There is increasing evidence obtained both in laboratory rodents and nonhuman primates that aging is associated with Nrf2 dysfunction in endothelial and smooth muscle cells (141, 142) . The reduced capacity of cellular homeostatic mechanisms likely exacerbates age-related cellular oxidative stress and free radical-mediated cellular injury in aging.
Several lines of evidence suggest that age-related endocrine IGF-1 deficiency and vascular Nrf2 dysfunction in aging are causally linked. First, adult-onset endocrine IGF-1 deficiency in Igf1 f/f + MUP-iCre-AAV8 mice results in significant impairment of the Nrf2-driven antioxidant response pathway, mimicking the aging phenotype (66) . There are multiple mechanism by which IGF-1 deficiency may impair Nrf2 activity. In IGF-1-deficient mice, expression of Nrf2 and Nrf2 target genes tend to decrease (66) , mimicking the changes in the expression of Nrf2 and Nrf2-driven genes observed aged vessels (141, 143) . Previous studies also documented decreased expression of Nrf2 in the blood vessels of Lewis dwarf rats (48) and downregulation of Nrf2 target genes in the aorta of Ames dwarf mice (59) . Importantly, in the hippocampus of Igf1 f/f + MUP-iCre-AAV8 mice, there is also a significant decline in expression of Nrf2 (W. Sonntag, PhD, unpublished data, 2011). Because Nrf2 expression and activity as well as expression of Nrf2 target genes also decrease in the brain (144) and other organs (145-147) of aged rodents, further studies are warranted to compare the gene-expression signatures induced by IGF-1 deficiency and aging in mice in multiple tissues and organs. Second, recent evidence suggest that IGF-1, in addition to regulating Nrf2 signaling at the level of Nrf2 expression, can also directly modulate the transcriptional activity of Nrf2 (66) . On ligand binding, the IGF-1 receptor tyrosine kinase initiates multiple signaling cascades, including activation of the phosphatidylinositol 3-kinase (PI3K) pathway and its downstream effectors (including Akt1). Recent studies provide initial evidence that in endothelial cells, IGF-1 activates Nrf2 via an Akt1-dependent pathway (66) . Previous studies also showed that activation of the IGF-1 receptor inhibits oxLDL-induced apoptosis in vascular smooth muscle cells through the PI3K/Akt signaling pathway (148) . Importantly, dysregulation of Nrf2 in vessels of IGF-1-deficient mice is associated with exacerbation of vascular oxidative stress and endothelial dysfunction elicited by both hyperglycemia and the proatherogenic stressor oxLDL (66) . Previous studies demonstrated that genetic absence of a functional Nrf2/ARE pathway also results in significant increases in vascular oxidative stress and exacerbation of endothelial dysfunction in arteries of high-fat diet-fed Nrf2 −/− mice (139) . Collectively, the aforementioned findings are consistent with the available clinical and experimental data suggesting that IGF-1 deficiency renders the cardiovascular system more vulnerable to oxidative stressors (149) . This view is further supported by the findings that in mouse models of atherosclerosis, infusion of IGF-1 significantly decreases vascular oxidative stress and its pathological consequences (77) . Because recent studies demonstrate that disruption of Nrf2 signaling impairs angiogenic capacity of microvascular endothelial cells in vitro (150), we cannot exclude the possibility that Nrf2 dysregulation contributes to microvascular rarefaction in IGF-1-deficient animals as well.
Perspectives
Although significant progress has been achieved in describing alterations in myocardial and vascular function and phenotype in human patients and laboratory animals with IGF-1 deficiency, the specific roles of paracrine versus endocrine IGF-1 signaling in cardiovascular aging need to be elucidated further. Future studies should focus on agerelated changes in paracrine IGF-1 signaling both in the vascular wall and the supplied tissues. There is increasing evidence that IGF-1 regulates pathways involved in cellular stress resistance and ROS production, which have a key role in regulation of redox-sensitive proinflammatory pathways (eg, nuclear factor-kB signaling). These pathways are under intense investigation as the common denominators of the pathophysiology of several cardiovascular risk factors. Thus, research efforts should persist in these directions to fully elucidate the specific relationship between age-related alterations in endocrine and paracrine IGF-1 signaling, and the pathways involved in cellular oxidative stress resistance and their interaction with other risk factors that lead to the increased cardiovascular morbidity and mortality in the elderly humans. Further studies are also warranted to separate the cellular effects mediated by the insulin receptor and IGF1R in the cardiovascular system.
Future studies are also warranted to develop clinically relevant therapies to improve microvascular function and myocardial performance in the elderly humans. Despite the growing evidence that treatment with low doses of GH may exert beneficial effects in the cardiovascular system, the possible side effects of GH replacement (eg, its potential diabetogenic effect) should be better understood.
Recent landmark studies from the Bartke laboratory suggest that life-span extension in Ames dwarf mice depends on the presence of lower than normal GH and IGF-1 levels during a critical short time window during development (151) . Thus, another important goal for future studies is to differentiate between early life effects versus late-life effects of IGF-1 on processes involved in cardiovascular aging and to explore the role of epigenetic regulation in the possible dichotomous actions of these hormones, as discussed in the overview in Sonntag and colleagues (3) .
On the basis of the available evidence, it appears that cells of the cardiovascular system may be different from other cell types in regulation by and response to IGF-1. Further studies are evidently needed to investigate tissue specificity of the protective effects of the GH/IGF-1 pathway using primary endothelial cells, smooth muscle cells, and cardiac myocytes from multiple species in vitro and by comparing different tissues from animal models of GH/IGF-1 deficiency and animals treated with GH and/or IGF-1.
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